In this paper, a robust planning method of regional integrated energy system (IES) considering the uncertainty of cooling, heat and electrical loads on the demand side is submitted. First, the energy hub (EH) model of regional IES with Combined Cooling Heating and Power (CCHP), electric air-conditioning unit (EC) and gas boiler (GB) is established. Second, the uncertainty of load is described by the method of adjustable interval, and the robust planning model of regional IES is formed. Third, the robust programming model can be transformed into a convex mixed integer planning model, and then solved. Finally, the case study is carried out with a comprehensive area of Tianjin in China, the results are analyzed to verify the effectiveness of the proposed planning method.
Introduction
IES is part of the most important directions of energy internet development such as Refs [1] [2] [3] [4] [5] [6] [7] [8] [9] . The energy internet is the comprehensive energy network in Refs [6, 7] , which will promote the large-scale utilization and consumption of distributed renewable energy, and promote the integration of complex network systems, such as power, transportation, natural gas, etc. Similarly, IES is a regional energy system considering the complementarity, integration and optimization of multi-energy such as electrical, cooling, heat and gas energy, which involves the planning and operation of thermoelectric units, substations, distribution feeders, heating stations, cooling/ heat pipes, gas supply stations and other equipments. Multi-energy complementation is intended to change the current status of the independent design and operation of each energy supply system, and to harmonizes and optimizes the diverse energy supply systems together. The development of IES in the energy internet has enormous significance for improving the efficiency of social energy use and promoting the largescale utilization of renewable energy in Refs [8, 9] .
In recent years, the problem of modelling, planning and operation of IES has attracted widely attention. Scholars have formed rich research results such as Refs [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For example, Chengshan Wang, Wei Gu and other scholars present multi-energy complementary micro grid modelling and operational methods in Refs [10, 11] , which contain combined heat and power (CHP) and CCHP. Joint modelling and research of energy systems considering the coupling effect of different types of energy in Refs [12, 13] , which include steady state power flow analysis of power grid and natural gas network, and steady state power flow analysis of power grid and heat network. Goran Anderson and other scholars have proposed the EH model and the energy interconnector model in Ref [14] , which are used to linearize the conversion and storage relationships of multi-energy and have been acknowledged by many scholars. Supported by EH and multi-energy complementarity, Hongjie Jia and other scholars present the integrated power flow algorithm of electricity, gas and heat system in Refs [15, 16] .
In the area of IES planning method, the current research results focus on modelling and planning of multienergy systems. Supported by EH, Refs [17] [18] [19] [20] have studied the planning method of multi-energy coupling. Ref [21] has studied the planning process considering different beneficiary and differentiated energy demand. Ref [22] presents the optimal design method of regional integrated energy stations considering cooling, heat and electrical storage. Multi regional collaborative planning considering heat network model is presented in Refs [23, 24] . However, most of the above research results do not take into account the uncertainty factors, or only consider uncertainty through multi-scenario method.
In contrast, uncertainty factors are taken into account earlier in the traditional power system planning and operation problems, the corresponding optimization methods mainly include Robust Optimization in Refs [25, 26] . and Stochastic Programming in Ref [27] . In the research of IES planning, there are various uncertainty factors to be considered, such as renewable energy supply, cooling, heat, and electrical loads. Therefore, it is necessary to consider the uncertainty factors more accurately by the robust optimization method, and improve the reliability of energy supply of IES. Furthermore, in the planning stage, we consider all kinds of scenarios that may occur during the operation and the corresponding optimal operation strategy, so as to improve the benefits of multi-energy complementary. On the basis of above, the proposed planning method will have broad application prospects.
Inspired by the previous studies, this paper proposes a regional IES planning method considering the uncertainty of cooling, heat and electrical loads. The main contributions are as follows.
1. Supported by EH model, a regional IES model including CCHP, EC and GB is established, which is used for regional IES planning.
2. The regional IES planning process considering the uncertainty of cooling, heat and electrical loads is proposed. First, several typical daily load scenarios are extracted from the 8760 hour load data of the history/prediction year by K-means clustering algorithm and segmenting method. Second, the adjustable interval method is used to describe the uncertainty of cooling, heat and electrical loads, robust constraints are formed and robust optimization planning model is proposed. Finally, the robust optimization planning model can be transformed into a convex mixed integer programming model and solved.
The structure of this paper is shown as follows. In Section 2, the IES planning model is described by using EH, and the target function and constraints are proposed. In Section 3, supported by K-means clustering algorithm and segmenting method and interval adjustment method, the corresponding robust optimization model is constructed, and the robust optimization planning method is also proposed. Case studies are illustrated in Section 4, the results confirm the effectiveness of the planning method, and reflect the benefits of IES multienergy complementary integration and optimization. Some conclusions are given in Section 5.
IES planning model based on EH
In the IES, the electrical, cooling, heat and gas coupling links are realized through the CCHP unit. The CCHP system has different structures and composition modes, and the EH refer to describe the energy coupling relationship. This paper only discusses an EH model of CCHP related to IES, which includes the electrical and gas energy input P = [p e , p g ] T and the electrical, cooling and heat energy output L = [l e , l c , l h ] T , as shown in Figure 1 , other energy forms and energy storage devices will not be covered in this paper. In addition, the simplification of the EH model is illustrated as follows. The heat equipment mentioned in the article, such as CCHP and GB, the heat generated by them is first supplied to the heat exchanger in the form of heat medium. Cooling and heat loads studied by EH are regarded as cooling and heat loads on the input side of the heat exchanger in this article. As shown in Figure 1 , the EH model is composed of power transformer (T), CCHP, EC and GB. The input elements include electric energy and natural gas. Natural gas is directly input into CCHP and GB, while power can be input to T and EC at the same time. The output elements contain electric, cooling and heat energy. The output of power is supplied by the T and CCHP, the output of the cooling energy is produced by CCHP and EC, and the heat energy is produced by CCHP and GB together. The coupling relation shown in eq. (1) is as follow.
The coupling coefficients in the coupling matrix C include power coefficient of CCHP ( , ), cooling coefficient of EC ( ), cooling coefficient of CCHP ( , ), heat coefficient of CCHP ( , ℎ ), and heat coefficient of GB ( ). The coupling coefficients are not just related to the conversion efficiency of the conversion device, but also related to the allocation ratio of energy among the different conversion devices. Therefore, the distribution coefficient is introduced, 0≤ v EC ≤ 1, and (1-v EC )p e is the direct demand of electrical load, and v EC p e is the electrical energy consumption of EC. 0≤ v MT ≤ 1, v MT p g is the natural gas consumed by CCHP, and (1-v MT )p g is the natural gas consumed by GB. η CCHP,ge , η CCHP,gc and η CCHP,gh are the conversion efficiency of natural gas through CCHP into electricity, cooling energy and heat energy respectively. η T is the efficiency of T. η EC is the efficiency of EC. η GB is the efficiency of GB. p e and p g are the energy exchange value of EH with power grid and natural gas network respectively. l e , l c and l h are the electrical, cooling and heat loads supplied by EH respectively.
Equipment planning model and constraints
In the planning of IES, ψ is the collection of equipment, ψ = {ψ 1 , ψ 2 , ψ 3 } = {CCHP, EC, GB}. φ i is the collection of optional capacity types of ψ i , and j is the identifier of optional capacity types of equipment, j∈φ i , i = 1, 2, 3.
The heat, cooling and electrical load balance analysis of IES shown in Figure 1 is as follows. The heat load is initially met by CCHP. If the heat energy demand exceeds the capacity of CCHP, it is complemented by GB. The cooling load is initially met by CCHP. If the cooling load demand exceeds the capacity of CCHP, it is complemented by EC. The balance of electrical energy is available from external power grid. The constraints are shown as follows.
ℎ ,
s and t below l c , l h and l e represent the time t in the operational scene s, that is, constraints need to be met at any time t in any scene s. η CCHP,gc /η CCHP,ge is the cooling-electricity ratio. η CCHP,gh /η CCHP,ge is the heat-electricity ratio. N CCHP,j , N EC,j and N GB,j are the number of type j CCHP, type j EC and type j GB respectively. x CCHP,j , x EC,j 和x GB,j are the installation state of type j CCHP, type j EC and type j GB respectively, x CCHP,j = 1 represents that type j CCHP is installed. P ut,CCHP,j , P ut,EC,j and P ut,GB,j are the capacity of type j CCHP, type j EC and type j GB respectively.
Objective function
The investment cost of energy supply equipment, the cost of gas and the cost of electricity purchased from external power grid are taken as optimization objectives of the planning of IES, as shown in eq. (5).
C inv is the annual investment cost of energy supply equipment, as shown in eq. (6) . The capacity, number and installation state of each equipment can be calculated by eqs (2)-(4).
R is the annual cost conversion coefficient. K CCHP,j , K EC,j and K GB,j are the per capacity price of CCHP, EC, and GB.
y is the recovery of investment. m is annual interest rate. C ope is the operational cost, including the cost of gas and the cost of electricity purchased from external power grid, as shown in eq. (8) . The quantity of gas and electrical energy can be calculated by eq. (1).
K gas is gas price, which is 0.36 $/m 3 in China. Q gas is calorific value of gas, which is 9.78 kWh/m 3 . K e,t is electricity price, China's curve of spot pricing in a whole day is shown in Figure 2 . 
IES robust planning

IES robust planning model
Considering the uncertainty of cooling, heat and power loads in the operational scene, a robust planning model of the original problem model eq. (5) is required. In this paper, the uncertainty of cooling, heat and power loads is described by the uncertainty set Ω, and the form of Ω is defined by the robust adjustable interval method, 
= [̄,̄,̄ℎ] is the load value considering the uncertainty of cooling, heat and power loads. Γ can be adjusted according to the robustness requirements of planner.
Taking a day scenario as an example in Figure 3 , which serves to illustrate how the uncertainty of cooling, heat and power loads is characterized. The middle curve, which represents the load value considering the uncertainty of load, can be achieved by adjusting the parameter Γ. The region between the upper boundary (L +) and lower boundary (L-) of load is the uncertainty range of load. To describe the uncertainty of cooling, heat and power loads with Ω, the constraint formula eqs (2)-(4) in the original problem model change as follows. Thus, demand uncertainty has been taken into account in the planning decision model.
∈ Ω ]
Accordingly, a region IES robust planning model considering the uncertainty of cooling, heat and power loads is formed as follow. The model is a typical two stage robust optimization model, which can be duality conversion, and then the Benders decomposition algorithm is used to solve the problem. The explicit solution process can refer to Ref [28] .
In the first stage, the outer layer calculates the planning variable C inv through planning decisions. The selection of equipment type and quantity of various types of equipment can be calculated by constraint formula eqs (11)- (13) . In the second stage, the inner layer calculates the operation variable C ope through optional operation strategy considering the demand uncertainty, i. e. the worst scenario. The amount of gas and electrical energy consumed can be calculated by formula eq. (15), which is derived from the coupling relation formula eq. (1) of the original problem.
Considering planning models and related constraints of various energy supply equipment, the advantages of multi-energy complementary integration optimization of IES can be fully demonstrated through the planningoperation co robust optimization. The overall planning scheme is safe, reliable and economical at the same time, so as to guarantee the maximization of system efficiency. We believe that the "regional IES equipment selection considering the operational conditions in the planning period" is realized.
IES robust planning method
The regional IES robust planning method is shown as follows.
1. To prepare the input parameters of planning model. Using DeST software to generate data of 8760 hours of cooling, heat and power loads according to the characteristics of regional IES, and collect parameters and cost of various types of CCHP, EC, GB, electricity price, gas price, etc.
2. The typical daily load scenario is extracted from the 8760 hours load data by K-means clustering algorithm and segmenting method in Ref [29] , which is the basis for the analysis of the operational scenario.
3. Establishing the EH planning model of regional IES, calculate the coupling matrix C of EH.
4. According to planner's robustness requirements for planning results, the parameter Γ is set. Demand uncertainty has been taken into account in the planning decision model. By using constraint eqs (9)- (13) and (15), the selection of equipment type, the quantity of various types of equipment, and the amount of gas and electrical energy consumed are calculated. And then, a robust optimization planning model of IES eq. (14) is established.
5. Duality transformation is applied to the robust optimization planning model of IES, which can be solved by Benders algorithm. Finally, the optimal planning of regional IES can be obtained.
Case studies
Conditions of example
Taking a comprehensive area of Tianjin in China as the object of study. There are 7 types of CCHP, ranging from 5 MW to 35 MW. There are 10 types of GB, ranging from 10 MW to 100 MW. There are 10 types of EC, from 2.5 MW to 25 MW. The related parameters of various energy supply equipment are shown in Table 1-Table 3 . The value of coupling matrix elements not mentioned is 0. The planning period is 10 years and the annual interest rate is 5 %. Considering the characteristics of cooling, heat, and power loads of different types of users in this region, the hourly cooling, heat, and power loads curve of IES in a whole year is obtained by DeST software, as shown in the Figure 4 . The original 8760 data samples can be used in planning, it really represents the whole range of uncertainty and variations of demand. However, typical daily load data selected in this method, which are from the clustering results of 8760 hours cooling, heat and power load data, contains the concept of "mean value". It is equally reasonable to consider load uncertainty (i. e. worst-case scenarios with fluctuations in mean values) on the basis of such data. Because the planning scheme should be intended to meet the maximum load demand, this is similar to the traditional planning method which considers the maximum load scenario. This kind of model has been extensively used in transmission network planning as Refs [30] [31] [32] , optimal dispatch as Ref [33] , energy storage planning as Ref [34] , unit commitment as Ref [25] . By K-means clustering algorithm and segmenting method, cooling, heat and power loads data of six typical days are extracted, as shown in Figure 5 . Among them, there are 1 typical day with only power load (accounting for 30.7 %), 2 typical day with only power and heat loads (accounting for 23.3 % and 12.1 % respectively), and 3 typical day with only power and cooling loads (accounting for 7.4 %, 13.2 % and 13.4 % respectively). 
Analysis of the results
In this paper, by using the original 8760 cooling, heat, power loads data samples in urban area generated by DeST software simulation, and the related parameters of various energy supply equipment, the planning results under different uncertainty parameters are obtained, as shown in Table 4-Table 6 . Case 1 has only electrical load, which can be seen as a period in spring or autumn. The planning results considering load uncertainty of case 1 as shown in Table 4 . As the cooling and heat loads does not vary, the planned capacity of CCHP changes only when the electrical load uncertainty is large (Γ = 9, the investment cost of CCHP is changed from 0.389 × 10 8 $ to 0.467 × 10 8 $). Meanwhile, total investment cost increases with the electrical load uncertainty. It is worth noting that when Γ is changed from 8 to 9, the planned capacity of CCHP has increased. In the whole region, electricity cost has dropped sharply and gas cost has increased. This led to a slightly reduce in total operating cost. The result reflects the effect of planning method that optimizes investment cost and operational cost together in this paper. Case 2 includes electrical and heat loads, which can be seen as a period in winter. The planning results considering load uncertainty of case 2 as shown in Table 5 . With the increase of Γ, the uncertainty of heat load increases, so does the investment cost of CCHP and GB. It is worth noting that when Γ is changed from 6 to 7, the investment cost of CCHP increases and the investment cost of EC equipment decreases. The result reflects the characteristics of the multi-energy complementation and integrated optimization of regional IES. Case 3 includes electrical and cooling loads, which can be seen as a period in summer. The planning results considering load uncertainty of case 3 as shown in Table 6 . With the increase of uncertainty of cooling load, the investment cost of EC increases continuously, but the investment cost of CCHP remains unchanged. The result reflects that it is more economical to raise the investment cost of EC than to increase the planned capacity of CCHP. The planning method also generates optimal operational status for each typical day. For example, considering the load uncertainty of typical day 2 of Γ = 5, daily operation curve of IES in typical day 2 is shown in Figure 6 . The IES only needs to purchase commercial power (CP) from the external power grid at some time. Considering the uncertainty of heat load, the total heat output of IES in typical day 2 is larger than the base heat load of typical day 2. It can be ensure that the demand can still be satisfied under the condition of load fluctuation. The correctness of the calculation results can be reflected in this perspective. By setting parameter Γ = 0, we can obtain the result of planning method without considering the uncertainty of load. The result is that planned capacity of CCHP, planned capacity of GB and planned capacity of EC are 25 MW, 20 MW and 7.5 MW respectively. Compared with the planning method without considering uncertainty, it can be found that if the case 1 (typical day 1), case 2 (typical day 2) and case 3 (typical day 4) loads fluctuate, load shedding will occur in most load scenarios, as shown in Table 4-Table 6 . However, a robust optimization method, which is utilized to consider the worst case, can avoid the occurrence of load shedding. The reasonableness of the calculation results is also reflected in this perspective. The planning results also change with the uncertainty of load in different scenarios. It is shown that according to the robustness requirements of planner, this method can adjust Γ to determine the planning results, and can realize the control of the planning result conservatism.
Compared with other methods considering the load uncertainty, the advantages of the robust planning method proposed in this paper are as follows. (1) Comparison of stochastic optimization methods, load uncertainty is simulated by interval method in this paper. There is no need to preset the specific probability distribution form of parameters representing uncertainty. That is, as long as the load fluctuates within the set range, the planning results are applicable. (2) Especially, multi-scenario-based stochastic optimization methods often have the problem of model convergence caused by large-scale scenario sets being substituted into optimization models. The method in this paper does not have the corresponding problems, and can be solved by turning the robust optimization model into a convex model.
Conclusion
In this paper, a regional IES planning method considering the uncertainty of cooling, heat, electrical loads is proposed. By using EH, the regional IES planning model of CCHP, GB, and EC is established. In terms of planning method, K-means clustering algorithm and segmenting method is used to obtain cooling, heat and power loads curve of typical days. By defining the upper and lower boundary interval to describe the load uncertainty, a two-stage robust optimization model is formed and solved. The uncertainty factors are considered more accurately through robust optimization in this paper. In the planning stage, various scenarios that may occur in operation and corresponding optimal operation strategies are considered to fully enhance the benefits of multi-energy complementation in IES. The results of case study prove the effectiveness of the proposed method.
